Growth is a complex and dynamic process that may be measured at a specific point or over a period of time. Compared was the growth of male and female chickens over a three-generation period. Involved were red junglefowl (RJF; Gallus gallus), a line of White Plymouth Rock chickens (LWS; Gallus gallus domesticus) selected for low body weight, and their reciprocal F 1 and F 2 crosses. In both sexes, Gompertz's description of growth showed that RJF had significantly lower asymptotes, earlier inflection points, and faster growth rates than LWS. Heterosis for these measures was positive for asymptote and negative for growth rate and inflection point. The RJF commenced egg production at a significantly younger age and lower body weight than LWS. Although F 1 and F 2 reciprocal crosses were similar for body weight and for age at first egg, the F 1 reciprocal crosses began lay at significantly younger ages than the F 2 crosses and parental lines. When viewed on a physiological basis where age and body weight were simultaneously standardized, both parental lines and reciprocal F 1 and F 2 crosses had differing rapid and lag growth phases. Overall, sexual dimorphism increased in all populations from hatch to sexual maturity. The LWS males had a longer growth period consistent with their female counterparts who became sexually mature at older ages. Comprehensively, these results indicate additive and nonadditive genetic variation for distinct growth patterns and changes in resource allocation strategies over time.
the weight of abdominal fat and had smaller sexual ornaments than LWS females (Sutherland et al., 2018) . The RJF were also found to be more fearful of humans than LWS. Through selection and hybridization, breeding programs aim to modify the genetic potential of chickens for a variety of economically important phenotypes including growth and egg production. Employing mathematical and molecular tools and techniques describing the characteristics of growth, breeders and geneticists can gain a better understanding of the changes in growth and reproduction that occurred in the ongoing domestication of chickens, which began 6,000 to 7,000 years ago in the jungles of South-East Asia.
Changes during ontogeny and growth are contributing factors to the sigmoidal shape of a typical growth curve. Aside from illustrating the pattern of growth, mathematical models have been used to predict the expected weight of organisms at specific ages (Kn ı zetov a, Hyanek, H ajkov a, Kn ı ze, & SIler, 1985; Tzeng & Becker, 1981) . Growth equations are also used to describe the age-weight relationships for growing animals in which the Gompertz equation has been identified to provide perhaps the best description for growth of chickens (Barbato, 1991; Grossman & Bohren, 1982; Ricklefs, 1967 Ricklefs, , 1983 Tzeng & Becker, 1981) . The Gompertz equation is a three-parameter model that describes growth in terms of the mass of an organism at age zero, an asymptote (mass at maturity), and a rate at which the asymptote is attained (Ricklefs, 1983) . The objective of this study was to compare, across three generations, female and male growth of RJF, a selected line of White Plymouth Rocks, and their reciprocal F 1 and F 2 crosses. The study was initiated to explore the genetic factors that explain why the LWS was heavier than RJF at age of reproduction, although the LWS had undergone 57 generations of selection for low body weight (Sutherland et al., 2018) .
| MATERIALS AND METHODS
All procedures were carried out in accordance with the guidelines approved by Virginia Tech Institutional Animal Care and Use Committee.
| Experimental populations
The foundation populations for this study were pedigreed White Plymouth Rock chickens selected for low 56-day body weight (LWS, generation 57; Dunnington, Honaker, McGilliard, & Siegel, 2013) and the Richardson strain of red junglefowl (RJF; Brisbin & Peterson, 2007) . From a segregating gene pool that consisted of crosses of seven moderately (12%-36%) inbred lines of White Plymouth Rocks, those individuals with the lower body weights at 56 days of age were selected to form the LWS line (Bywaters & Siegel, 1958; Siegel, 1962) . Thereafter, with some restrictions (e.g., size of sire and dam families and avoiding sibling matings), the single criterion of selection was low 56-day body weight. The numbers of sires and dams selected to reproduce were 8 and 48, respectively, through generation 4 (S4). From S5 to S25, the numbers of sires and dams were 12 and 48, respectively. For S26 and subsequent generations, matings involved 14 sires and 56 dams. Details concerning population structures, inbreeding, and scaling were described by Marquez, Siegel, and Lewis (2010) and . The Richardson strain of RJF included descendants from RJF originally collected in Eastern India in the vicinity of Dehra Dun during the 1960s (Brisbin & Peterson, 2007) . The population has been maintained in genetic isolation in numbers of 10-50 individuals. In 2013, two males and four females from were transferred from the Brisbin flock to the same facility as the LWS where we generated a flock of 10 males and 17 females.
A pedigreed reciprocal intercross following the design of Park, Jacobsson, Wahlberg, Siegel, and Andersson (2006) was generated by crossing LWS males to RJF females to produce LR chickens (F 1 ) and RJF males mated to LWS females to produce RL chickens (F 1 ). From them, a second pedigreed reciprocal cross was generated from RL males mated to LR females to produce RLLR chickens (F 2 ) and LR males mated to RL females to produce LRRL chickens (F 2 ).
In addition to the aforementioned differences in physiological traits of the parental populations, there is an apparent difference in plumage colour and patterns. The wild-type pattern for RJF is characterized by dull, browngold colour for the entire body in females while males have a combination of black, brown, and maroon plumage, with glossy blue-green saddle and tail feathers and golden orange and red hackle feathers. The LWS have all white plumage, as they are recessive white at the C locus. The F 1 populations had a variety of black, wild-type and barred birds. In addition to this variety of plumage colours, also present in the F 2 populations were individuals with all white plumage.
| Husbandry and traits
Like in previous generations, artificial insemination, incubation and hatch dates were scheduled each year so that chicks hatched on the first Tuesday in March. Upon hatching, chicks were wing banded for individual identification, vaccinated for Marek's disease and reared in pens within battery brooders with constant light. Populations were not intermingled to eliminate size disparities and reduce competition. Subsequently, sexes within a population were separated for the same reason and transferred at 8 weeks of age to pens with concrete floors covered with pine wood shavings for litter and a natural day length photoperiod. At 20 weeks of age, they were placed in cages with a 10:14 photoperiod of dark:light. The temperature in the room was maintained between 16 and 24°C. Chickens were allowed feed ad libitum. The same dietary formulation of 20% CP and 2,685 kcal ME/kg was given until 8 weeks of age. From 8 to 20 weeks, the diet consisted of 16% CP and 2,761 kcal ME/kg, and thereafter 16% crude protein and 2,772 kcal ME/kg. Throughout all generations, feed was in mash form and water was continuously available.
Body weights were obtained for 192 females (28 RJF; 20 LWS; 27 RL; 20 LR; 61 LRRL; 36 RLLR) at hatch and at 14-day intervals until a pullet laid her first egg. On that day, she was weighed and considered sexually mature. The exception was LWS, which we continued to weigh until 266 days, because 50% of their respective females did not achieve sexual maturity by day 196. Body weights were obtained for 172 males (20 RJF; 15 LWS; 27 RL; 22 LR; 44 LRRL; 44 RLLR) at hatch and at 14-day intervals to 196 days of age for all populations. Weights were to the nearest gram.
| Analyses
The growth pattern for each individual male and female was fitted to the Gompertz three-parameter equation using the specialized modelling feature of JMP (2015) . The equation used to determine the expected mass as a function of time was as follows:
Generated from fitting the Gompertz equation to the growth of each individual growth were the asymptote, growth rate and inflection point. Within a sex, these parameters were analysed by one-way analysis of variance Y ij = l + G i + e ij , where i = 1,2. . ..6 genetic populations; j = 1,2,. . .n individuals. Differences among populations were detected by Tukey's honest significant difference, and statistical significance was taken at p ≤ 0.05. In retrospect, additional post facto Gompertz equations were fitted to LWS males and females because their asymptotic weight was projected considerably beyond that for the other populations.
Per cent heterosis for the F 1 crosses was calculated as follows:
To provide additional insights into the degree of sexual maturity, growth patterns for females were also analysed as a linear regression of body weight expressed as a proportion of body weight at sexual maturity. This allowed populations to be compared on the same physiological scale, because populations differed in age and body weight at sexual maturity. The procedure followed that of Zelenka, Dunnington, and Siegel (1986) with the equation:
where W was body weight expressed as a percentage of body weight as of degree of sexual maturity, and t was time. Standardizing to describe age and body weight in terms of degree of sexual maturity involved expressing chronological ages relative to age at sexual maturity with values on the x-axis ranging from 0% to 100%. Body weights were expressed on the y-axis as actual values and standardized (% BW) as a proportion of body weight at sexual maturity. At 266 days of age, 5 RJF, 1 LWS, 2 RL and 1 LRRL had not entered lay and were omitted from the analysis. However, growth curves were fitted to the Gompertz equation for the 5 RJF that did not come into lay so that they could be compared to RJF females who did lay and males. These data were then analysed by oneway analysis of variance Y ij = l + G i + e ij , where i = 1,2,3 subset of RJF; j = 1,2,. . .n individuals. Differences among populations were detected by Tukey's honest significant difference, and statistical significance was taken at p ≤ 0.05.
Sexual dimorphism was calculated as female weight as a percentage of male weight [(Female BW/Male BW) 9 100] at each time point until 50% of females within a population became sexually mature as determined by first oviposition. Linear regressions of per cent sexual dimorphism on age were conducted by the Fit Y by X procedure (JMP version 13, 2015) .
Correlations between AFE and WFE were calculated for all populations using the Fit Y by X procedure (JMP version 13, 2015) , and coefficient of variations (CV) were obtained for AFE and WFE to compare variation among populations.
| RESULTS

| Comparisons among populations
| Females
Growth from day of hatch to day 196 for LWS and day 154 for all other populations ( Figure 1 ) followed different patterns for the parental, F 1, and F 2 populations. Growth was generally similar to day 14, after which differentiation between the crosses and the parental lines became more apparent. The LWS had the lowest body weights until day 140 after which they became heavier than the RJF and continued to grow until day 196, the first oviposition age from this population. Although initially heavier than the LWS, the RJF had lower body weights than the reciprocal crosses. Also evident was a RJF plateau from 112 to 154 days. Although growth patterns for the F 1 and F 2 generations were generally similar throughout, they differed from the parental lines. When fitted to the Gompertz equation, the asymptote and growth rate were lower and faster for RJF, higher and slower for LWS. The F 1 and F 2 populations were intermediate and did not differ from each other for growth rate (Table 1) . The asymptote for RJF was less than that for the other populations which did not differ. The inflection point for LWS was later than the RJF which was similar to the F 1 and F 2 . Overall for growth rate and inflection point, the LWS differed from the other populations.
There was a positive heterosis for asymptote of 11% and 22% for RL and LR, respectively (Table 2 ). There was negative heterosis for growth rate (À6% and À10%) and for inflection point (À28% and À21%) for RL and LR, respectively.
As previously indicated, the RJF commenced egg production at a younger age (age at first egg, AFE) and lower body weight (WFE) than LWS (Table 3) . Although F 1 and F 2 reciprocal crosses were similar for WFE, the F 1 reciprocal crosses began lay at younger ages than the F 2 crosses and parental lines. A scatterplot of the relationship between AFE and WFE (Figure 2 ) illustrates considerable variation in the parental lines for those phenotypes. In contrast, the distributions for the F 1 crosses were narrow, particularly for AFE. Although the scatterplots for the F 2 were also relatively narrow, there were several outliers for WFE. The correlations (Figure 2 ) between body weight and AFE were negligible for all populations except RLLR, which was moderate (r = 0.40). Similarly, the coefficient of variation for AFE was numerically similar for all populations except for RLLR, which was 10%. There was a similar pattern of CV for WFE in the parental and F 2 populations with RJF and RLLR being larger (13% and 12%) and LWS and LRRL being smaller (8% and 9%). Coefficient of variations for WFE for the F 1 populations was 6% and 8% for RL and LR, respectively.
When viewed on a physiological basis, where age and body weight were simultaneously standardized | 303 (Figure 3) , both parental lines and reciprocal F 1 and F 2 crosses had differing rapid and lag growth phases. Initially, the degree of maturity lagged for the LWS, followed by a sharp increase from approximately 80% until sexual maturity. In contrast, the pattern for RJF initially had a period of rapid growth between hatch and 60% of their age at sexual maturity followed by a brief plateau until 70%. This plateau was followed by a steady increase until sexual maturity. The F 1 reciprocal crosses had growth patterns that differed from their parental lines. Until 40% of maturity, there was a fairly sharp increase in WFE and AFE followed by a slight lag in the percentage of BW gained from 40% to approximately 80%, at which point there was a final sharp increase until sexual maturity. The F 2 reciprocal crosses had a relatively sharp increase at approximately 40%, then steadily increased to 70% followed by a lag until age at first egg. Intuitively, the final standardization point was 100%, signifying the age (day) and body weight at which the first egg was attained (final values in Table 3 ).
| Males
Growth patterns from day of hatch to day 266 for LWS and day 196 for all other populations are presented in Figure 1 . Early growth differed between parental lines with the RJF being heavier than LWS with a crossover occurring between days 126 and 140. Thereafter, the growth of RJF plateaued, while LWS continued to heavier body weights. The F 1 and F 2 populations had similar growth patterns to each other and by day 14 were heavier than their parental lines.
These growth patterns were confirmed when fitted to the Gompertz equation where the asymptote was lower for RJF, higher for LWS, and consistent for the F 1 and F 2 populations, which were similar (Table 1) . Contrariwise, growth rates were fastest for RJF and slowest for LWS, thus reaching their inflection points earlier and later, respectively. Although growth rates of the F 1 and F 2 populations were intermediate to the parental lines, those for the F 1 differed from those of the F 2 .
Heterosis for the asymptote was 9% and 3% for RL and LR, respectively (Table 2) . For growth rate, heterosis was the same (À7%) for RL and LR. In contrast to these low and negative values for growth rate, heterosis for inflection point while also negative was larger being À26% and À25% for RL and LR, respectively. The first letter designates the sire line, and the second designates the dam line for each F 1 . The notation is the same for the F 2 but is the first two and last two letters. LWS (generation 57) represents the line of chickens selected for low body weight, and RJF represents the red junglefowl population. The first letter designates the sire line, and the second designates the dam line for each F 1 . Namely, R represents the red junglefowl and L the low body weight line. Notes.
T A B L E 1 Means and standard errors for asymptotes, growth rates and inflection points from the Gompertz equation, by population
T A B L E 2
Means in a column with no common superscript differ at p ≤ 0.05. †
The first letter designates the sire line, and the second designates the dam line for each F 1 . The notation is the same for the F 2, but is first two and last two letters. LWS (generation 57) represents the line of chickens selected for low body weight, and RJF represents the red junglefowl population.
| Comparisons within the RJF population
Because there were several nonlaying RJF females (n = 5), we compared their growth patterns to those females who had oviposited and to males ( Figure 4 ). As expected, males were heavier; however, those females who had not commenced egg production had lower body weights and plateaued beginning at day 182. Although all had similar growth rates, the asymptote for males was greater than for female layers and nonlayers, which were similar (Table 4) . While the point of inflection for female layers and nonlayers was similar to males, they differed from each other.
| Sexual dimorphism
The pattern for sexual dimorphism ((female BW/male BW) 9 100) from hatch to sexual maturity decreased in a curvilinear fashion with age ( Figure 5 ). The pattern for each population began with approximately 100%, with no difference in BW between males and females, and ended when 50% of the females within a population became sexually mature. With the exception of LRRL, which had a linear line of best fit, all populations were best fitted to a quadratic term. In both parental populations, males grew faster than females, then plateaued as they approach sexual maturity. The LWS males had a longer growth period, which was consistent with their female counterparts who became sexually mature at older ages. The final sexual dimorphism was 70% with a slope of À0.119. The RJF had a sexual dimorphism of 80% with a slope of À0.084. The reciprocal F 1 populations had differing patterns of sexual dimorphism, although females became sexually mature at the same time. For LR the slope was À0.015 with 85% dimorphism while for RL the slope was À0.071 with 72% dimorphism. The plateau from 84 to 196 days influenced the small value of the slope. The F 2 populations both ended at approximately 70% sexual dimorphism. For the F 2 , the best fit was linear for LRRL, but quadratic for RLLR.
| DISCUSSION
The allocation of resources for growth and development of individuals will vary among populations (Rauw, 2009) . The domestic chicken is considerably larger than its junglefowl ancestors (Diamond, 1999) . Exceptions include those domestic chickens that carry major genes for reduced growth (e.g., dw; Hutt, 1949) . Analogously in a long-term selection experiment for body weight (Dunnington et al., 2013; , we observed that a line selected for low body weight at 56 days (LWS) was still larger at maturity than RJF. Moreover, there were significant differences in their growth patterns and across generations in their F 1 and F 2 crosses. In both sexes, Gompertz equations showed that RJF had lower asymptotes, earlier inflection points, and faster growth rates than LWS. These growth characteristics were most likely adaptive in the wild as RJF females grew to their estimated mature body weights quickly. Such may be advantageous in maintaining agility with a low body weight, higher percentage of breast weight, lower percentage of body fat relative to body weight, small combs, and a fearful demeanour to escape predation (Sutherland et al., 2018) . A similar analogy for RJF male survival in the wild can be made when considering vocalization. Considerable variation exists in the length of the final component of the chicken crow (Siegel, Phillips, & Folsum, 1965) . In contrast, Beebe (1926) describes the crow of the junglefowl as brief or lacking the final drawl, which if long would make him more vulnerable to predation or male competition. With human intervention via artificial incubation and group rearing, the domestic LWS no longer had the need to be fearful of predators (Hale, 1962) . With artificial selection, humans have manipulated the growth of chickens. Differences exhibited in the growth patterns of both parental lines and their reciprocal crosses may reflect additive and nonadditive genetic variation and imply differences of priorities in terms of resources allocated for growth, maintenance and reproduction. In chickens, heterosis, which is proportional to the degree of heterozygosity of crosses resulting from nonadditive genetic effects, of growth traits is often less than that for reproductive traits (Chambers, 1990; Fairfull, 1990) . From our study, as expected, the asymptote, growth rate and inflection point for both sexes in the F 1 reciprocal crosses were intermediate to their parental values. For asymptote, heterosis was positive and slightly larger for females than males. In contrast, while heterosis was similar in both sexes for growth rate and inflection point, it was considerably F I G U R E 3 Relationship between body weight at first egg and age at first egg, by population calculated on a physiological basis (%).
[Colour figure can be viewed at wileyonlinelibrary.com] smaller for the former than later. These results and those involving commercial meat-type chickens (Barbato, 1991) reflect the specificity of heterosis in components of the growth curve and in the formation of reciprocal crosses.
There are relationships among age, body weight, and body composition that are involved in females becoming sexually mature as represented by their first oviposition (Robinson, Fasenko, & Renema, 2003) . For this biological process to take place, pullets must meet a threshold for age, body weight and composition of muscle to fat ratio to commence lay (Williams, Price, & Siegel, 2002) . The distribution of the relationship between AFE and WFE, as illustrated in the scatterplot, was expected as the parental lines displayed a wide variation for AFE with the F 1 having a narrow distribution because they are heterozygotes, and finally the narrow distribution with the presence of outliers characterizes the F 2 with the recombination of alleles. Because the CV reflects the relationship between means and variation (i.e., the standard deviation), it is evident that there was less variation among the F 1 populations, which was expected because they are heterozygotes. Coefficients of variation for AFE were lower than for WFE, showing that time taken to mature for the commencement of lay had a narrower range than that for body weight. When we standardized the female data to allow for comparisons of the degree of maturity at common physiological stages, the F 1 population had the fastest rate of concurrent sexual maturation. Although influenced by additive genetic variation, maturation may have been influenced by the stabilizing effect of the hybrid vigour (i.e., nonadditive genetic variation) and for wild type contributed by the RJF (Sutherland et al., 2018) . The first letter designates the sire line and the second designates the dam line for each F 1 . The notation is the same for the F 2 but is first two and last two letters. LWS (generation 57) represents the line of chickens selected for low body weight, and RJF represents the red junglefowl population.
At hatch, chick weight is approximately 64% of the egg weight at the beginning of incubation (Halbersleben & Mussehl, 1922) , with the effect of egg weight on chick weight diminishing during posthatching growth, being negligible by 8 weeks (Wilson, 1991) . During the first 2 weeks posthatch, the precocial chick undergoes a series of changes in development of the anatomical, endocrine, metabolic and immunological factors that interact with their genetic background (Nir, Nitsan, Dunnington, & Siegel, 1996) . While investigating the evolution of sexual dimorphism at a given chronological age, we observed that all populations began at 100% or more at hatch with the successive points occurring on the fitted line of regression, except for the LWS, LR and LRRL, which all had an anomaly evidenced by day 14, which implies a maternal effect. The LWS lays a heavier egg (33 g) than RJF (27 g) and, in turn, LR lays a heavier egg (27 g) than RL (23 g) and LRRL lays a heavier egg (30 g) than RLLR (28 g). Additionally, these results illustrate differences in the strategies employed in resource allocation for growth and maintenance posthatch of the RJF and domestic chickens. For sexual dimorphism of body weight, all populations had a decrease in conjunction with slower growth with time causing a flattening (quadratic effect) of the curve. This observation is consistent with that reported by MignonGrasteau et al. (2000) who reported sex differences and selection for body weight as they affect growth curves of meat-type chickens. They observed a flattened curve, slower growth at older ages and moderate sexual dimorphism for body weight. Like the aforementioned study, selection for body weight at a specific age may have reduced the degree of sexual dimorphism. Mignon-Grasteau et al. (2000) states that "evolution of sexual dimorphism is a complex phenomenon, which depends partly on a scale effect and on differences in precocity between male and females." Our results are consistent with this thesis suggesting that during the process of domestication for increased body weight, selection may have modified the complexes and biological barriers that maintained sexual dimorphism of body weight in the wild.
The RJF females that did not commence egg production had asymptotic weights and growth rates similar to those who laid eggs. They did, however, have a different inflection point, which suggests that their growth was slower. The inflection point is the point at which the second derivative of a curve changes sign. The RJF nonlayers reached this point later than the layers. Because both groups had similar growth rates, this may be due to a difference where the female nonlayers devoted their resources to factors other than growth. An example of this is the Virginia lines selected for high and low antibody response to sheep red blood cells (Albrecht, Siegel, Pierson, McGilliard, & Lewis, 2012; Gross, Siegel, & Pierson, 2002; Siegel, Honaker, & Rauw, 2009; Zhao, Honaker, & Siegel, 2012) . Although body weight at first egg was the same for both lines, it took the high antibody line longer to reach that weight (Albrecht et al., 2012) . Our data are thus consistent with the thesis that for a synchrony of body composition with the body weight and age is essential for the onset and maintenance of egg production in the female chicken. Our comparative three-generation analysis for RJF, LWS and their F 1 and F 2 reciprocal crosses demonstrates an additive and nonadditive genetic variation for the distinct growth patterns observed and provides evidence that the process of domestication has changed the relative roles in resource allocation strategies.
